ABSTRACT Piezoelectric power generation is commonly used to power wireless sensor nodes in vibration environments. A common piezoelectric power generation device is the piezoelectric ceramic plate (PCP), which is often fixed in the form of a cantilever beam. However, PCP in the cantilever beam fixation mode (PCPCBFM) has the disadvantages of low maximum allowable vibration acceleration, low maximum open circuit voltage, low maximum average power, and a small electromechanical coupling coefficient. This paper proposes a new type of fixation mode, the symmetric fixation mode, in which the fixation mode is changed without altering the structure of the PCP. Simulations and experiments are conducted to study the properties of the PCP in the symmetric fixation mode (PCPSFM). Compared with the traditional PCPCBFM, the maximum allowable vibration acceleration of the PCPSFM is increased by more than a factor of five, the maximum open circuit voltage of the PCPSFM is increased by more than 4.5 V, the maximum average power of the PCPSFM is increased by more than a factor of four, and the electromechanical coupling coefficient is increased by more than 15%.
I. INTRODUCTION
With the rapid development of microelectronic technology and wireless communication technology, wireless sensor networks (WSNs) [1] have been developed and widely used. However, using batteries to power wireless sensor nodes has disadvantages of limited life, environmental pollution, slow charging of the battery, and affecting normal work of wireless sensor nodes when replacing the battery, etc. [2] . The energy supply of wireless sensor nodes is currently receiving increasing attention. In the pursuit of a sustainable power supply replacement for battery power for wireless sensor nodes, collecting energy from the environment to power these nodes has aroused the interest of many researchers. Environmental energy harvesting technology is a new type of energy harvesting technology that is efficient, clean and pollution-free. The common forms of energy existing in the environment include mechanical vibration energy, solar energy, and wind energy; mechanical vibration energy in particular is found everywhere in the environment. Based on different energy conversion mechanisms, effective methods for converting mechanical vibration energy into electrical energy include electromagnetic, electrostatic and piezoelectric methods [3] . Faraday's law of electromagnetic induction is the principle underlying electromagnetic energy harvesting. The induced electromotive force produced by an electromagnetic energy harvester depends on the magnetic flux, the effective length of the coil and the relative speed of the vibration. Therefore, the device's output voltage decreases as the volume decreases. An electrostatic energy harvester utilizes the relative displacement of two varactors to produce an electromotive force. Although a large voltage can be generated, extra start-up power is needed. Compared with these types of electromechanical conversion mechanisms, a piezoelectric energy harvester has the advantages of being small, possessing a simple structure, high output voltage, not requiring start-up power and environmental protection [4] ; these features make piezoelectric energy harvesting a feasible method for solving the problem of powering wireless sensor nodes. To expand the application area of piezoelectric energy harvesters and optimize power generation performance, domestic and international researchers have performed much research and innovation on piezoelectric energy harvesters, particularly with respect to their structural design. Liu et al. [5] designed a piezoelectric MEMS energy harvester with a low resonant frequency and wide operation bandwidth, which consists of a silicon beam integrated with piezoelectric thin ceramic patch elements parallel-arranged on top and a silicon proof mass, resulting in a low resonant frequency of 36 Hz. Song et al. [6] devised a piezoelectric energy harvester using flowing water, which expands the application range of the PCP. Leng et al. [7] utilized nonlinear techniques using three magnets to improve the performance of piezoelectric energy harvesters. Guan and Liao designed a piezoelectric energy harvester for rotational motion applications. As the harvester rotates, the piezoelectric elements in the energy harvester are repeatedly deformed to generate electrical power; a power output of 83.5-825 µW was achieved at rotational frequencies of 7-13.5 Hz [8] . Tan et al. [9] and Yan et al. [10] , [11] designed a hybrid piezoelectric energy harvester concurrently harnessing energy from base and galloping excitation, and they also studied its method of expanding bandwidth and nonlinear characterization. All of the energy harvesters mentioned above are based on the PCPCBFM. Some researchers have also studied the fixation of the PCP and the parameters affecting power generation performance. Gongbo Zhou et al. studied the influence of the weight of the mass block and lengthwidth ratio on the natural frequency and voltage of the PCP in the cantilever beam fixation and simply supported beam fixation modes. Moreover, energy was collected by charging a capacitor to compare the power generated in the two fixation modes [2] . However, the authors did not consider the matching relationship between the load impedance and impedance in the PCP when they tested and calculated the average power. In addition, few studies have been performed on the properties of the PCPSFM because it is a new fixation type for a PCP. When using a PCP to power wireless sensor nodes in a vibration environment, it is necessary to first ensure that the PCP cannot be destroyed. Then, electrical parameters and energy conversion efficiency are considered. Therefore, in this paper, the maximum allowable vibration acceleration, the maximum open circuit voltage, the maximum average power and the electromechanical coupling coefficient of the PCPSFM are studied by simulations and experiments.
II. ENTITY AND EQUIVALENT CIRCUIT MODEL A. ENTITY MODEL
The entity model used in this paper incorporates a common commercial PCP. As shown in Figure 1 , the upper and lower layers are made of piezoelectric ceramic PZT-5H. The middle layer is a substrate made of copper CW617N. The upper and lower piezoelectric ceramic layers are bonded to the substrate by the conductive epoxy adhesive. The top surface of the upper piezoelectric ceramic layer and the bottom surface of the lower piezoelectric ceramic layer are set as electrodes using the chemical deposition method and are connected in parallel. In addition, L 1 = 66 mm, L 2 = 88 mm, Figure 2 shows the PCPSFM. The material parameters are shown in Table I . In Table I , c, e, and ε are the elastic coefficient matrix, piezoelectric matrix and dielectric constant matrix, respectively, and their values are as follows: 
B. EQUIVALENT CIRCUIT MODEL
As shown in Figure 3 , the PCP can be represented by an equivalent circuit model with a voltage source, resistor, inductor and capacitor in series [12] . According to the equivalent circuit model, the open circuit voltage can be obtained through simulation and experiment, and the maximum average power can be obtained from the external circuit with the resistance and inductance/capacitance in series. 
III. ANALYSIS OF THE MAXIMUM ALLOWABLE VIBRATION ACCELERATION
The maximum allowable vibration acceleration of the PCP represents the plate's ability to resist vibration. When the vibration acceleration exceeds this value, the PCP is at risk of fracture. Thus, this value must be determined to prevent the PCP from being destroyed and ensure its safety.
A. SIMULATION OF THE MAXIMUM ALLOWABLE VIBRATION ACCELERATION
ANSYS 15.0 finite element analysis software is used for simulation in this study. Element SOLID5 (eight-node hexahedral coupling field element) is chosen to represent piezoelectric material. Element SOLID45 (eight-node linear structure element) is chosen to represent copper substrate. In addition, the simulation model and the entity model are exactly the same, including size and material. According to vibration and piezoelectricity theory, when the vibration frequency is equal to the natural frequency, the PCP will be in resonance. In this state, the end displacement of the PCP is larger than that at any other vibration frequency. When the PCP is in resonance, if the vibration acceleration is equal to the maximum allowable vibration acceleration, the stress the PCP bears is equal to the maximum allowable stress and the PCP's end displacement is the largest. If the stress the PCP bears is equal to the maximum allowable stress, the PCP's end displacement is the largest. Likewise, When the PCP is in resonance, if the PCP's end displacement is the largest, the vibration acceleration is equal to the maximum allowable vibration acceleration. Therefore, the maximum allowable vibration acceleration can be reversely obtained by the maximum end displacement.
However, the PCP is most likely to be destroyed when it is in resonance. The frequency of mechanical vibrations is always low. Therefore, the natural frequency of the PCP studied in this paper is its first natural frequency. The natural frequency can be obtained through modal analysis, in which the natural frequency of the PCPSFM is 240.034 Hz and the natural frequency of the PCPCBFM is 73.6059 Hz.
The maximum allowable stress of piezoelectric ceramics is 60-100 MPa [13] . When the maximum allowable stress is exceeded, the PCP is at risk of fracture. The appearance of a fracture will result in a dramatic power reduction or even destruction of the PCP. For safety reasons, 60 MPa is chosen as the maximum allowable stress value. Static analysis is used to study the end displacement of the PCP below the maximum allowable stress value. Gravitational acceleration is gradually increased during the static analysis of the PCP. The increase in gravitational acceleration will stop when the stress is equal to 60 MPa. Figure 4 shows the stress distribution of the PCP FIGURE 4. Stress distribution of the PCP for the two fixation modes when the maximum stress is equal to 60 MPa: (a) PCPSFM and (b) PCPCBFM. VOLUME 6, 2018 for the two fixation modes when the maximum stress is equal to 60 MPa and stress concentration occurs at the fixation position. DMX in Figure 4 represents the maximum end displacement; the maximum end displacements of the PCPSFM and PCPCBFM are 0.865 mm and 2.701 mm, respectively.
When the PCP is in a stable vibrational state, the end displacement of the PCP will be greater than that at any other vibration frequency if the vibration frequency is equal to the PCP natural frequency. Furthermore, the end displacement can be increased by increasing the vibration acceleration. However, the end displacement cannot exceed the maximum value, or else the PCP will be at risk of being destroyed. To accurately represent the actual mechanical vibration environment, a simple harmonic acceleration excitation is applied at the fixation position during the simulation. In the two fixation modes, the PCP will swing at the respective ends because of the excitation of the simple harmonic acceleration. When the vibration frequency is equal to the natural frequency of the PCP, the vibration acceleration and end displacement of both PCPCBFM and PCPSFM obtained by harmonic response analysis are proportional, as shown in Figure 5 . The proportionality coefficients of the PCPSFM and PCPCBFM are 95E-4 mm · s 2 /m and 1935E-4 mm · s 2 /m, respectively. Based on the maximum end displacement and proportionality coefficients between the vibration acceleration and the end displacement of the PCPSFM and PCPCBFM, the maximum allowable vibration accelerations of the PCPSFM and PCPCBFM are 91.05 m/s 2 and 13.96 m/s 2 , respectively. The maximum allowable vibration acceleration of the PCP can be increased by 552% by using the symmetric fixation mode, indicating that the PCPSFM has a stronger ability to resist vibrations. To obtain the maximum open circuit voltage and maximum average power, this maximum allowable vibration acceleration is used in Section IV. 
B. MAXIMUM ALLOWABLE VIBRATION ACCELERATION EXPERIMENT
To simulate the actual mechanical vibration environment, an S51110 high-energy electric vibrator, a BAA120 power amplifier and an SCS-2 signal generator are used to perform experiments. The vibrator operates in the frequency sweep mode; that is, the excitation frequency rises slowly from low frequency to high frequency. To determine the range of the frequency sweep, the natural frequency of the PCP must be determined first. During the frequency sweep process, the oscilloscope is connected to the two electrodes of the PCP. The maximum value of the oscilloscope corresponds to the natural frequency of the PCP. The natural frequency of the PCP can be roughly determined using this method. vibration acceleration of the PCP can be increased by 539% by using the symmetric fixation mode. To obtain the maximum open circuit voltage and maximum average power, this maximum allowable vibration acceleration is used in Section V.
IV. SIMULATION OF THE ELECTRICAL PROPERTIES
The maximum open circuit voltage, impedance analysis and maximum average power are studied in this section. The maximum open circuit voltage is an important parameter of the PCP; the voltage determines whether a step-up or stepdown operation is needed in the energy collection circuit. The electromechanical coupling coefficient can be obtained by impedance analysis. The result of impedance analysis also provides guidance in determining the impedance of the external circuit for maximum average power analysis. The maximum average power represents the energy supply potential of the PCP, which directly determines the sampling and transmission frequency of the wireless sensor node. the maximum open circuit voltage of the PCP can be increased by 4.53 V.
B. IMPEDANCE ANALYSIS
The impedance analysis of the PCP is actually an analysis of the multi-physics coupling field with the structure field, piezo field and circuit field. The purpose of the impedance analysis is to guide the impedance setting of the external circuit to obtain the maximum average power. It is necessary to connect the upper surface of the upper piezoelectric layer to the lower surface of the lower piezoelectric layer by a ''wire'' before the impedance analysis because the upper and lower piezoelectric layers are in parallel. This ''wire'' can be considered a small resistor.
Coupling is that all nodes in a selected surface or volume are coupled into one quantity. If a voltage is applied to one node of a coupling surface or volume, all nodes in the coupling surface or volume have the same voltage. The PCP should be considered an actuator, and a simple harmonic electric field is applied on the electrode. The electrode can be any node on the upper surface of the upper piezoelectric layer because the upper surface of the upper piezoelectric layer and the lower surface of the lower piezoelectric layer have been coupled and connected.
Suppose the simple harmonic electric field is E = Ee iωt and the charge generated by the PCP is Q = Qe iωt . Thus, the current is I = and k d c = 0.3406 for the PCPSFM and PCPCBFM, respectively. By using the symmetric fixation mode, the electromechanical coupling coefficient of the PCP can be increased by 15.4%, which means the energy conversion efficiency of the PCPSFM is higher.
C. MAXIMUM AVERAGE POWER
In AC circuits, the maximum power output on the load will occur when the load impedance is conjugate with the internal impedance of the power supply. Therefore, it is necessary to connect a resistor and an inductor or a capacitor in the external circuit in series to obtain the maximum average power. Assume that the natural frequency of a PCP is f 0 and the impedance at f 0 is Z 0 = R 0 + jX . When the vibration excitation frequency is f 0 and the impedance of the external circuit is Z 0 = R 0 − jX , the average power of the external circuit is not necessarily the maximum because the impedance of the external circuit changes the natural frequency of the PCP [15] . Although the impedance is a conjugate, the shift in the natural frequency causes the electromotive force of the whole circuit to change at the original natural frequency f 0 . Therefore, the method based on the principle of the conjugate impedance and changing the impedance within a certain range is adopted to study the maximum average power of the PCP. The resistance/inductance/capacitance range of the external circuit is determined by the relationship between the resistance/reactance of the PCP and the frequency. The resistance and reactance of the PCP are determined by the impedance Z and the phase angle θ , where R = Z cos θ and X = Z sin θ . Figure 9 shows the relationship between the frequency and resistance/reactance of the PCP in the two fixation modes. When the internal reactance of the PCP is negative, i.e., the PCP is capacitive, the reactance of the external circuit must be set to a positive value, i.e., the external circuit is inductive. In this case, the reactance (which is actually the inductive reactance) range of the external circuit is [0, −Z MIN ]. When the reactance of the PCP is positive, i.e., inductive, the reactance of the external circuit must be set to a negative value, i.e., the external circuit is capacitive. In this case, the reactance (which is actually the capacitive reactance) range of the external circuit is [−Z MAX , 0]. The range of the external circuit inductance and capacitance can be obtained according to X L = 2π fL and X C = 1 2πfC . In addition, the resistance range of the external circuit is equal to the internal resistance range of the PCP.
The resistor and the inductor/capacitor should be connected between the electrode of the piezoelectric layer and the copper substrate before harmonic response analysis. Harmonic response analysis can yield the maximum voltage, U max , corresponding to an external resistor at a certain frequency. The voltage of the external circuit resistor at the current vibration frequency is U = U max sin 2π ft. The instantaneous power is P inst =
max sin 2 2πft R . The average power is as follows:
According to the foregoing analysis, the PCPSFM is only capacitive at certain frequencies. Therefore, there is only one case: a resistor and an inductor in series in an external circuit. The external circuit is equivalent to a pure resistance circuit when the inductance is equal to 0. Figure 10 displays the power distribution as a combination of resistance and inductance. The maximum average power is 39.10 mW when the resistance and inductance are 1600 and 0 H, respectively. The PCPCBFM is both inductive and capacitive at different frequencies. Therefore, two cases of the external circuit must be discussed. (1) A resistor and an inductor in series in the external circuit. The external circuit is equivalent to a pure resistance circuit when the inductance is equal to 0. (2) A resistor and a capacitor in series in the external circuit. Figure 11 displays the power distribution of the two combinations. For the combination of resistance and inductance, the maximum average power is 6.832 mW when the resistance and inductance are 10,000 and 0 H, respectively. For the combination of resistance and capacitance, the maximum average power is 6.852 mW when the resistance and capacitance are 4,000 and 16E2 nF, respectively. Therefore, the maximum average power of the PCPCBFM is 6.852 mW. In summary, the maximum average power of the PCP can be increased by 471% by using the symmetric fixation mode.
V. EXPERIMENT OF ELECTRICAL PROPERTIES A. IMPEDANCE ANALYSIS
Impedance analysis is first performed experimentally to provide guidance in setting the resistance of the load resistor and the test resistor of the test circuit in Section V.B. The analysis also provides guidance in the impedance setting for the test circuit in Section V. C.
The impedance analysis experiment is shown in Figure 12 . A WK6500B impedance analyzer is used in this experiment. It is necessary to fix the bottom of the PCP holder to the surface of the worktable by the epoxy adhesive. In this experiment, a sinusoidal voltage is applied to the PCP. The piezoelectric ceramic patch will vibrate because of the inverse piezoelectric effect of the PCP. If the bottom of the PCP holder is not fixed, the holder will also shake, which will affect the original vibration of the PCP. If the vibration of the PCP changes, the internal electrical parameters of the PCP, such as voltage and current, will also change, which will affect the results of the impedance analysis. coupling coefficient defined by Mason, k d s = 0.4107 and k d c = 0.3332. By using the symmetric fixation mode, the electromechanical coupling coefficient of the PCP can be increased by 23%, which means the energy conversion efficiency of the PCPSFM is higher.
B. MAXIMUM OPEN CIRCUIT VOLTAGE
To obtain the voltage curve generated by the PCP, the DH5960 ultra-dynamic signal test and analysis system manufactured by Donghua Co. is used at a high sampling frequency. The test system is shown in Figure 14 . The two test circuits will be described in Figure 15 and Figure 19 . 
When the vibrator starts to operate from the scheduled low frequency in the frequency sweep mode, the ultra-dynamic signal test and analysis system begins to sample the voltage U test of R 0 . When sweeping to the scheduled high frequency, the vibrator stops exciting the PCP and the ultra-dynamic signal test and analysis system stops sampling to generate a data file. The data file contains two columns of data: relative time and voltage corresponding to the relative time. The generated data file is processed using MATLAB. The data processing procedure is shown in Figure 16 . To improve the accuracy of the results, noise reduction and averaging of every 50 sets of data are incorporated into the data processing procedure. Finally, the maximum voltage U test M AX of the tested resistor and the natural frequency f of the PCP are obtained. According to the previous analysis in Section IV, it can be drawn that the maximum average power is increased by 4 times, and the resistance is about 5 times lower. According to P = be increased as much as the others percentage wise, only about 20%.
C. MAXIMUM AVERAGE POWER
Similarly to the analysis described in Section IV. C, the relationship between the frequency and resistance/reactance of the PCP in the two fixation modes can be obtained, as shown in Figure 18 . Figure 18 shows that the reactance of both PCPCBFM and PCPSFM is less than zero; that is, both PCPCBFM and PCPSFM are capacitive. Therefore, the power test circuits of the PCPCBFM and PCPSFM must be inductive to obtain the maximum average power. The external circuit is equivalent to a pure resistance circuit when the inductance is equal to 0. The power test circuit is shown in Figure 19 , where R L is the resistance contained in the inductor itself. According to Formula (1) and the power test circuit, the average power can be expressed as
, where U test_MAX can be obtained by the processing procedure shown in Figure 16 . Furthermore, R L increases as the inductance increases. However, the presence and increase of R L does not affect the identification of the trend of the power change and the maximum power determination. The maximum average power of the PCPCBFM is 38.1 mW when the resistance and inductance are 2276 k and 0.79 H, respectively. The maximum average power of the PCPCBFM is 7.19 mW when the resistance and inductance are 8.98 k and 11.81 H, respectively. By using the symmetric fixation mode, the maximum average power of the PCP can be increased by 440%.
In summary, based on the experimental results of various parameters, the errors between the simulation results and the experimental results are shown in Figure 21 . All errors between simulation results and experiment results are within the range of [0.7%, 29.0%], which provide the validation of simulation with experiment. The errors are caused by the manufacture and installation of the PCP. In addition, measurement errors also exist in the experiment, which can also induce the error. 
VI. CONCLUSIONS
In this paper, simulations and experiments are conducted to study the properties of the PCPSFM. The conclusions drawn are as follows:
(1) The natural frequency of the PCPSFM is higher than that of the PCPCBFM. (3) The maximum average power of the PCPSFM is higher than that of the PCPCBFM. The simulation and experimental values of the maximum average power of the PCPSFM are 39.1 mW and 38.81 mW, respectively. The simulation and experimental values of the maximum average power of the PCPCBFM are 6.852 mW and 7.19 mW, respectively. By using the symmetric fixation mode, the maximum average power of the PCP can be increased by more than 4 times.
(4) The electromechanical coupling coefficient of the PCPSFM is greater than that of the PCPCBFM. The simulation and experimental values of the electromechanical coupling coefficient of the PCPSFM are 0.3930 and 0.4107, respectively. The simulation and experimental values of the electromechanical coupling coefficient of the PCPCBFM are 0.3406 and 0.3042, respectively. The electromechanical coupling coefficient of the PCP can be increased by more than 15% by using the symmetric fixation mode.
In summary, without changing the structure of the PCP, the PCPSFM is suitable for powering the wireless sensor node in a vibratory environment characterized by a high frequency and strong vibration acceleration. Furthermore, the amount of power generated by the PCPSFM and the mode's energy conversion efficiency are greater than those of the PCPCBFM.
